Introduction
Due to the ongoing overreliance on the burning of nonrenewable fossil fuels coupled with the harmful emission of greenhouse gases, there is a great need to explore clean energy alternatives. Photoelectrochemical (PEC) processes seem to be a promising substitute as they are able to convert solar energy into electricity or solar fuels. One such example of this is PEC solar water splitting, which uses solar energy to split water into its components O 2 and H 2 . 1 This hydrogen can then be used within the fuel cells, where electricity can be generated, or simply burnt as fuels, which avoids current sources of H 2 production such as methane steam reforming. Hence, this is a promising clean alternative to burning carbon-based fuels for our growing energy demands. 2 PEC water splitting can be achieved through the use of metal oxide semiconductors that are able to generate photoexcited electron-hole pairs, which was rst demonstrated by Fujishima and Honda with TiO 2 . 3 However, metal oxides used for water splitting have been shown to have limitations such as poor light absorption, high electron-hole recombination, and poor carrier collection. For example, TiO 2 and SrTiO 3 have wide band gaps that provide a suitable band edge position for water electrolysis potentials but are not optimal for visible light absorption. 4 Further development is especially needed for nding efficient stable p-type photocathode materials in order to avoid the use of Pt electrodes, which are expensive and do not exhibit any benecial photo-response.
Oxide semiconductors in particular seem promising for hydrogen generation, especially from an environmental perspective. 5 Such examples of current cathodic semiconductors include Cu 2 O and CuO, which are limited by poor photostability, [6] [7] [8] but have been studied in great detail. 9 Advances have been made for increasing the stability of Cu 2 O lms by incorporating conformal TiO 2 protection layers. 10, 11 However, any failure in such a coating can lead to fast electrode corrosion; thus, dimensionally stable absorbers are more suitable for large scale PEC systems.
Perovskite compounds (ABX 3 ) have become increasingly popular due to their activity for a wide range of photochemical processes such as that in solar cells, 12 dye degradation, 13 and water splitting. 14 The most notable example of this is that of organolead trihalide compounds (e.g., CH 3 NH 3 PbI 3Àx Cl x ), which have shown to be inexpensive and highly efficient in hybrid solid-state solar cells. 15 However, they are limited due to issues of stability, especially in the presence of water, and the toxicity of lead compounds. 16 Hence, attention can be directed towards perovskite oxides for PEC solar water splitting that are stable in water. Further benets of oxide-based perovskites include abundance of starting materials and high levels of structural exibility. Perovskite oxides such as Rh-SrTiO 3 , 17 Rh-BaTiO 3 , 18 and Bi-NaTaO 3 (ref. 19 ) have all demonstrated photocatalytic activity for H 2 evolution, yet they require metal doping to achieve visible light absorption due to inherently large band gaps.
Ferrite perovskites look more promising for PEC processes due to smaller band gaps and consequent increased light absorption within the visible light region. BiFeO 3 (BFO) has a band gap of 2.3 eV and has shown, on doping with Gd, an increased activity for the photocatalytic degradation of rhodamine B. 20 BFO has shown some interesting properties as a solar absorber in solar cells, with a photoconversion efficiency close to 4% in a BFO/ZnO heterojunction photovoltaic device. 21 Bare BFO studied as a photocathode produced a photocurrent of À4 mA cm À2 at 0 V NHE with simulated sunlight, which was increased on the addition of Ag to À70 mA cm À2 . 22 Xu et al. obtained higher photocurrents of up to À60 mA cm À2 with bare BFO using a 150 mW cm À2 visible lamp. 23 Studied as a photoanode, it showed an activity of +170 mA cm À2 at +1 V Ag/AgCl for water oxidation. 24, 25 This bi-polar p and n-conductivity is understood to be due to the large Bi 3+ ions inducing strain that has a strong impact on the electronic structure. 26 Ferrite perovskites that contain smaller A site ions such as La 3+ can help to minimize such strain and dictate singular p-type behavior. LaFeO 3 (LFO), with a band gap between 2.1 and 2.6 eV, has shown activity for dye degradation 27 and as a p-type photocathode for oxygen and water reduction. [28] [29] [30] [31] LFO has been successfully doped with metals to achieve increased photocurrent. The photocurrent achieved for undoped LFO was recorded to be À10 mA cm À2 at À0.25 V AgCl under simulated sunlight (100 mW cm À2 ) and increased to approximately À50 mA cm À2 on doping with 5% Mg, with O 2 -purged electrolyte. 32 Wheeler et al. prepared electrodeposited LFO lms and achieved a photocurrent density of À100 mA cm À2 at +0.73 V RHE with O 2 -saturated electrolyte, under simulated sunlight (100 mW cm À2 ). 33 In a more recent work, the same author demonstrated that with K doping, LFO photocathodes of high porosity were able to achieve À268 mA cm À2 at +0.6 V RHE , when compared with À124 mA cm À2 for pristine LFO in O 2 purged electrolyte. 34 LFO lms prepared by pulsed laser deposition (PLD) exhibited photocurrent values of À65 mA cm À2 at 0 V RHE under simulated sunlight (100 mW cm À2 ) in oxygen-containing electrolyte solutions. 35 LFO lms deposited by spray pyrolysis demonstrated a photocurrent density of À160 mA cm À2 at +0.26 V RHE under simulated sunlight (100 mW cm À2 ) and O 2 containing solution. 36 To the best of our knowledge, this is the highest recorded activity for a pristine LFO lm. Additionally, there is a case where LFO has been reported as an n-type photoanode for water oxidation where, on 10% doping of Cu, a photocurrent density of +0.99 mA cm À2 was observed. 37 It appears from previous works that there are some limitations in the use of LFO electrodes for PEC applications that limit the advancement of this material towards commercial PEC devices. There is a reported restriction in the mobility of photogenerated charge carriers and a low overpotential for oxygen evolution reaction, which suggests that this reaction is in competition with hole collection at the back contact, thus reducing the photocurrent conversion efficiency for H 2 generation. 31 Recent work has been done in avoiding this detrimental hole transfer to the electrolyte in LFO lms by incorporating a TiO 2 blocking layer. 38 It is also important to consider the role that the thickness of LFO lms have on PEC properties. For instance, it has been shown that with increasing lm thickness, a shi from oxidative to reductive behavior is observed due to differing band offsets. 39 Another limitation of LFO photocathodes is the apparent sensitivity to particle sintering during the high temperature required for calcination (>500 C), resulting in reduced active surface areas, which in turn can have a detrimental effect on the photoactivity. 40 This has been alleviated somewhat in particles for dye degradation with templating on reduced graphene oxide (rGO) 41 and montmorillonite 42 but similar approaches remain unexplored for lm preparation. In any case, improvements in lm quality are needed to allow for higher surface area LFO to enhance the photocatalytic activity, with additional considerations in relation to the prevalence of competitive PEC processes.
The incorporation of polymer templating has been previously used to increase the quality of some lms by directing particle growth and reducing particle sintering upon lm fabrication. This is achieved through selective binding of metal oxide precursors and formation of nano-size micelle structures. It has been demonstrated to be a valuable technique with metal oxides such as TiO 2 (ref. 43 ) and Fe 2 O 3 . 44 A gra copolymer poly(vinyl chloride)-gra-poly(oxyethylene methacrylate) (PVC-g-POEM) has been dispersed with metal oxide precursors to act as a template on calcination upon a glass substrate. 45 Aer high temperature calcination, the polymer is removed, resulting in a highly porous uniform metal oxide structure. It has also been previously used to template SnO 2 (ref. 46) and MgTiO 3 (ref. 47 ) lms. A further example of polymer templating is the use of a non-ionic polymeric surfactant Triton X-100 that has been used in LFO and YFeO 3 lm preparation. 32, 48 Aer surveying previous works, it has been demonstrated that LFO is active for water reduction reaction under illumination of visible light but currently exhibits very low photocurrents in a majority of cases. This appears in part due to low surface area and poor electronic properties, with limited studies investigating the PEC properties of these perovskite lms. More specically, the quality and appearance of lms is rarely, if ever, discussed. Hence, we suggest that further study into the activity of LFO lms for PEC water reduction is needed with a greater focus on lm preparation methods and how this affects the microstructure. With the application of a variety of different lm preparation techniques, it can be established as to what role this plays on lm quality and ultimate PEC activity.
In this paper, we present a lm deposition method involving the use of a polymer template (Triton X-100) with LFO precursors, deposited through spin coating that demonstrates photocurrent responses as high as À161 AE 6 mA cm À2 at +0.43 V RHE , in addition to a high onset potential of +1.4 V RHE for this cathodic photocurrent. On comparing this to other preparative techniques such as doctor blading and spray pyrolysis, there is a drastic increase in the lm quality and coverage. Doctor blading and spray pyrolysis of LFO, despite being optimized, resulted in limited photocurrent, thus highlighting the benets of using a polymer template together with a spin-coating process to ensure higher quality lms with enhanced photocurrent. It was also found that on polymer templating, there was a faster rate of charge extraction and higher incident photon-tocurrent efficiency (IPCE), which contributed to the increased photocurrents observed.
Experimental
Sol-gel synthesis of LaFeO 3 powders 3 g La(NO 3 ) 3 $6H 2 O and 2.8 g Fe(NO 3 ) 3 $9H 2 O were added to 5.3 g citric acid (1 : 1 : 4) in 100 mL distilled H 2 O. This was then stirred for 48 h. The solution was then placed at 100 C in an oven overnight to dry. The dried powder was then ground and pre-calcined at 500 C for 2 h, and then calcined at 600 C for 4 h.
Milling and exfoliation of LaFeO 3 powders
The prepared LaFeO 3 powders were rst placed in a sealed 100 mL glass sample bottle containing approximately 10 g of 2 mm alumina beads. This was then placed on a rolling mill for 24 h. The ground LaFeO 3 was then exfoliated by sonicating with dimethylformamide (DMF) at a concentration of 1.46 g L À1 for 72 h and subsequently le to settle for 48 h.
Film fabrication using doctor blading (LFO-A)
0.16 g of the LFO powder sample was added to 0.45 g of 10% ethyl cellulose in ethanol, 0.65 g terpineol, and 0.8 mL ethanol. This was stirred and sonicated for a total of 3 times. These were then gently heated on a hotplate to half the original volume (16.8 wt% suspension). These pastes were then coated onto uorine-doped tin oxide coated aluminoborosilicate (FTO-ABS) glass (Solaronix, CH) via a doctor blading method. These lms were then annealed at an optimized temperature of 700 C for 2 h. The deposition was carried out twice for an optimized photocurrent. These lms were named LFO-A.
Film fabrication using spray pyrolysis (LFO-B and LFO-C)
The supernatant obtained aer exfoliation and sedimentation of the milled LaFeO 3 powder was transferred into a small glass container attached to a Clarke airbrush gun. This solution was then sprayed onto an FTO-ABS glass slide at an approximate distance of 10 cm, situated on a hotplate set to 200 C to evaporate the DMF. This was done using several up and down motions moving from le to right along the glass up to 10 times. The resulting lms were then annealed at 600 C for 2 h. The deposition was carried out twice for an optimized photocurrent. These lms were named LFO-B.
Alternatively, 2.8 g La(NO 3 ) 3 $6H 2 O and 3 g Fe(NO 3 ) 3 $9H 2 O were added to 5.3 g citric acid (1 : 1 : 4) in 100 mL distilled H 2 O. This was then stirred for 48 h. The solution was then sprayed onto an FTO-ABS glass using several up and down motions moving from le to right along the glass up to 10 times. The resulting lms were then annealed at 600 C for 2 h. The deposition was carried out twice for an optimized photocurrent. These lms were named LFO-C.
Film fabrication using spin coating with Triton X-100 (LFO-D)
A solution was prepared of 1 mL Triton X-100 polymer and 1 mL tetrahydrofuran (THF). Another solution was prepared using 0.2 g La(NO 3 ) 3 $6H 2 O, 0.19 g Fe(NO 3 ) 3 $9H 2 O, and 0.35 g citric acid in 0.5 mL deionized water. These solutions were then stirred overnight, combined, and stirred further for 24 h. FTO-ABS glass was attached using double sided tape onto a spinning disk controlled using a small motor. 0.1 mL of the polymer/ nitrate solution was then dropped onto the glass substrate, evenly covering the slide. The motor was then set to 4000 rpm for 30 s to produce a thin lm. This was then le to air dry. The lm was then annealed at 500 C for 20 min to remove the polymer and then heated to an optimized 600 C for 2 h to form the perovskite lm (3.8 C min À1 ). The deposition and calcination were carried out three times for an optimized photocurrent. These lms were named LFO-D.
PEC measurements
PEC measurements were carried out in a three-electrode PEC quartz cell with a working electrode, a Pt counter electrode, an Ag/AgCl reference electrode, and a 0.1 M Na 2 SO 4 electrolyte of pH 12. A 300 W Xe lamp equipped with an AM1.5G solar simulator lter (LOT Quantum Design) was used with a 6 mmdiameter masked area. The intensity was measured to be 100 mW cm À2 , as determined by the distance to the working electrode (these irradiation conditions are herein referred to as "1 sun"). An external potential (provided by Ivium CompactStat) was linearly swept from +0.2 to À1.12 V Ag/AgCl at a rate of 20 mV s À1 under chopped illumination. The standard deviations of the photocurrents (represented with AE) were calculated out of more than 5 samples with mean values stated.
Electrochemical impedance spectroscopic (EIS) measurements for RC limited current calculations were carried out in 0.1 M NaSO 4 with a DC of À0.3 V AgCl and AC potential frequency range of 10 5 -0.1 Hz with an amplitude of 5 mV under dark conditions. Experimental transient photocurrents were obtained under chopped illumination (1 sun) at À0.3 V AgCl with a data collection interval of 0.01 s. These were then compared with the RC limited photocurrent calculated from the general expression. 49
where j ph is the calculated RC limited photocurrent, j max is the maximum photocurrent measured from the experimental transient photocurrent, and t is time.
Electrochemically active surface area (ECSA) measurements were carried out by conducting cyclic voltammetry (CV) between +0.2 to À0.3 V AgCl at varying scan rates between 10 and 250 mV s À1 . The difference in the anodic and cathodic current densities recorded at À0.03 V AgCl was plotted against the scan rate. The double layer capacitance (C dl ) can be calculated by dividing the gradient by two, where C dl is directly proportional to the ECSA:
where C is the electrochemical capacitance, i(E) is the current measured at potential E, and v is the scan rate. 50 EIS measurements were carried out at different potentials under dark conditions to obtain Mott-Schottky plots. These were carried out at xed frequencies of 10, 100, and 1000 Hz using the following equation:
where C is the capacitance, A is the electrode area, N D is the hole carrier density, e is the elemental charge, 3 0 is the permittivity of the vacuum, 3 is the relative permittivity of LFO (6 Â 10 3 ), V is the applied potential, V  is the at band potential, K b is the Boltzmann constant, and T is the temperature. The hole carrier density was then determined from these plots using the following equation:
H 2 generation measurements H 2 generation measurements were carried out in a gas-tight single PEC cell with a Pt counter electrode and an Ag/AgCl reference electrode. The cell was purged with N 2 for 30 min to expel atmospheric oxygen. The working electrode (LFO) was illuminated with simulated solar light at 1 sun (100 mW cm À2 ) for 6 h at a potential of À0.48 V AgCl . The gases accumulated in the headspace were measured using gas chromatography and a closed circuit, where the gases were re-circulated with a peristaltic pump.
Physical characterization
UV-Vis spectroscopy was conducted using a Cary Series UV-Vis spectrometer evaluating the F(R) functional for wavelengths between 200 and 800 nm. High-resolution transmission electron spectroscopy (HR-TEM) micrographs were acquired using a JEM-2100Plus microscope with 200 kV maximum operating voltage. Field-emission scanning electron microscopy (FE-SEM) micrographs were obtained using a JEOL 6301F, with an acceleration voltage of 5 keV. X-ray diffraction (XRD) patterns were obtained from a STOE STADI P double setup, equipped with Mythen detectors, using pure Cu-Ka1 radiation (l ¼ 1.540562Å) with a range of 2q from 20 to 80 . X-ray photoelectron spectra (XPS) were taken on a Kratos Axis Ultra DLD system using monochromatic Al Ka X-ray source operating at 150 W (10 mA Â 15 kV). Gas chromatographic (GC) measurements were conducted on a Shimadzu Nexis GC-2030.
Results and discussion
LaFeO 3 (LFO) was rst synthesized through sol-gel synthesis with citric acid as the chelating agent. La(NO 3 ) 3 $6H 2 O, Fe(NO 3 ) 3 $9H 2 O, and citric acid (1 : 1 : 4) were combined in deionized water, stirred, and dried overnight. It was then calcined at 500 C for 2 h to remove any organic material and then at 600 C for 4 h. HR-TEM micrographs were obtained and demonstrated aggregated particles of 30 nm size ( Fig. S1 ESI †) . UV-Vis spectroscopy was also conducted to determine the band gap of the synthesized LFO by creating a Tauc plot from the Kubelka-Munk function (Fig. S2 †) . A band gap of 1.9-2.1 eV was found, assuming direct optical transitions, which is within previously published values 20,21 and encompasses the visiblelight region of the solar spectrum. LFO thin-lm electrodes were then fabricated by dispersing these powders in a solution of ethyl cellulose, terpineol, and ethanol. This was then deposited onto FTO-ABS glass through doctor blading (LFO-A). The application of 2 layers was found to be optimal to achieve the highest photocurrent. Powder XRD conrmed crystalline LFO with high phase purity present on the glass substrate, with all diffraction peaks consistent with this perovskite structure ( Fig. 1) . FE-SEM micrographs of these LFO-A lms were obtained, which showed a distinct lack of coverage between the LFO particles and the conductive FTO through the presence of micrometer-sized particles and large areas of exposed FTO (Fig. 2a ). It appears that doctor blading of the LFO powders has failed to produce a desired uniform and well-covered lm despite two coatings. Vast improvements in the contact and coverage of the LFO particles to the FTO-ABS substrate are required to achieve a higher quality lm. Hence, a reduction in the particle size of the powders and increase in surface coverage and light absorption are needed. Ball milling of the LFO powders with subsequent exfoliation through sonication in DMF was completed in order to shrink the particle size. The suspensions were then le to precipitate for 24 h, with the supernatant then being deposited using spray pyrolysis onto the FTO-ABS glass substrate (LFO-B) with 2 layers applied to reach an optimum photocurrent. This exfoliation and spray pyrolysis led to a grain size reduction from 20 mm to less than 5 mm, although signicant portions of the FTO substrate remain uncovered (Fig. 2b ). By reducing the particle sizes from approximately 10-20 mm to less than 5 mm, it enabled a higher surface area of the particles to be in contact with the FTO. However, despite the reduction in particle size, it was still noted that there was a continued low contact between the particles and the FTO in the LFO-B prepared lms, in part due to incomplete coverage on the substrate. XRD conrms the presence of LFO (Fig. 1) . Alternate fabrication methods can be employed to attempt to increase this contact and coverage further in order to create a more optimized LFO lm.
It has been previously shown that metal oxide lms can be prepared through the calcination of precursor solutions upon the desired substrate, 51 forming the nanoparticles directly on the FTO. This can assist in enhancing contact between the metal oxide particles and the conductive back contact of the substrate. This process also reduces the heating steps and hence minimizes opportunities for particle sintering. Therefore, in order to improve surface coverage, LFO lms were also prepared through deposition of a solution of iron and lanthanum nitrates with citric acid in water onto FTO-ABS glass, using spray pyrolysis and then subsequently annealed at 600 C to form LFO (LFO-C). XRD spectra conrm the formation of LFO directly onto the substrate (Fig. 1) . The band gap of this lm was calculated with IPCE measurements and was calculated to be 2.6-2.8 eV, assuming direct optical transitions ( Fig. S3a and c †) .
As seen from Fig. 2c , LFO-C offers some improvement in coverage compared with LFO-A ( Fig. 2a ) and LFO-B (Fig. 2b) ; however, at a higher magnication, there was a high proportion of FTO that is still uncovered (Fig. 2d) . Additionally, there appeared to be a distinct irregularity in the lm with some visible cracking on calcination. On burning off the organic elements within the precursor compounds, it resulted in this cracked appearance and prevented the formation of a single uniform thin lm. However, due to the formation of LFO directly onto the FTO, it can be postulated that a better contact was established that potentially promoted enhanced charge transport.
As shown above, both doctor blading and spray pyrolysis methods failed to produce a desired high-quality lm. It appears that the lack of direction for particle growth results in poor coverage and uniformity. The improvements in lm quality can be achieved by incorporating polymer templating. Herein, solutions of iron and lanthanum nitrate precursors with citric acid were mixed with a non-ionic polymeric surfactant Triton X-100 in THF and stirred for 24 h so as to maximize favorable interactions between the polymer and the precursors. This polymer/precursor solution was then deposited onto FTO-ABS through spin coating, annealed at 500 C for 20 min to burn off the polymer template and then for a further 2 h at 600 C to form LFO. This was done for a total of three consecutive layers (LFO-D) to gain an optimal photocurrent. XRD conrmed the formation of LFO directly upon the substrate (Fig. 1) . The Scherrer equation was used to calculate the coherent crystal domain size from the XRD spectra. This was determined to be 34 nm for LFO-D, which is smaller in size compared with LFO-A lm, which has a domain size of 44 nm. LFO-B and LFO-C with a domain size of 35 and 30 nm, respectively, also showed smaller values compared with method LFO-A.
The FE-SEM micrographs obtained showed an outstanding improvement in lm quality using polymer templating ( Fig. 2e  and f) . In comparison to lms LFO-A, B, and C ( Fig. 2a-c ), LFO-D shows a vast enhancement in uniformity with a marked avoidance of large sintered particles. This comparison highlights the superior advantages of using polymer templating with LFO nitrate precursors in terms of lm quality. When considering LFO-C prepared lms, large cracked particles were formed on the substrate; however, on addition of this polymer template, the formation of a single uniform porous layer was observed. Cross-sectional FE-SEM was also carried out to determine the lm thickness on the application of 3 layers, which was 407 (AE10) nm (Fig. S4 †) . IPCE measurements determined a band gap in the range of 2.4-2.9 eV, assuming direct optical transitions ( Fig. S3b and d †) .
Further characterization was completed on all the prepared LFO lms using X-ray photoelectron spectroscopy (XPS). The second signal at 531 eV can be associated with hydroxyl groups arising from chemisorbed water. Table S1 † shows La : Fe atomic ratios determined through CasaXPS tting soware that show ratios close to the desired 1 : 1 ratio for these LFO lms.
PEC responses were then recorded for all the prepared LFO lms within a three-electrode system in 0.1 M Na 2 SO 4 electrolyte at pH 12 (adjusted with NaOH). Basic electrolyte was found to be optimal for a maximized photocurrent (Fig. S6 †) , while the use of acid electrolytes caused visible corrosion of LFO lms, thus resulting in losses of activity. All the measurements were performed under a chopped simulated sunlight of 1 sun. LFO-A prepared through doctor blading of LFO powders was rst tested. Fig. 3a shows that a very low photocurrent of À3 AE 1 mA cm À2 at 0 V RHE was achieved with two layers of LFO deposited (lower with one or three layers, not shown). This can be explained due to the heavy sintering of particles that allows for increased scattering and a reduced active surface area. Additionally, a large proportion of the glass substrate was not covered, despite two repeated deposited layers, which failed to utilize the total potential substrate area for active particles to absorb light and catalyze the water reduction (Fig. 2a) . The deposition of more than two layers did not improve the photocurrents, so there are limitations associated with the large particles formed.
The LFO-B lms that were deposited through spray pyrolysis aer milling and exfoliation of LFO powders displayed a superior photocurrent density of À37 AE 5 mA cm À2 at +0.43 V RHE for an optimal amount of two layers (Fig. 3b) . No activity was recorded at this potential for the LFO-A prepared lms. This superior activity can be attributed to the smaller particle sizes that allow for increased catalytic surface area to be in contact with the electrolyte (Fig. 2b) . This would allow for greater charge transfer, resulting in a higher photocurrent. A stability study was also conducted under chopped simulated sunlight for 1 h at a constant potential of +0.43 V RHE . Aer a period of stabilization (15 min), there was a decrease in the photocurrent by 24% (Fig. 3c) .
The LFO-C lms prepared through spray pyrolysis of nitrates achieved a photocurrent density of À112 AE 10 mA cm À2 at +0.43 V RHE (Fig. 3b) with an 11% reduction in the photocurrent aer 15 min of stabilization during 1 h chopped simulated sunlight at +0.43 V RHE (Fig. 3c ). This photocurrent was achieved for an optimal amount of two deposited layers and decreased with three layers (Fig. S7a †) . This is a large improvement in the photocurrent compared with LFO-A and LFO-B prepared lms, with additional increased stability over 1 h. This can be attributed to better contact between the LFO and the FTO, resulting from the LFO being formed directly onto the substrate. Both cases detail the deposition of exfoliated powders (LFO-B) and the use of nitrate precursors (LFO-C) mentioned thus far are vast improvements on many literature photocurrent values for bare LFO lms (around 10 mA cm À2 ). 32, 52 Finally, the LFO-D lms incorporating polymer templating were tested for their photocurrent and photovoltage response. A superior photocurrent density of À161 AE 6 mA cm À2 was observed at +0.43 V RHE for three applied layers (Fig. 3a) . One, two, and four applied layers gave lower photocurrent values of À73 AE 11, À144 AE 16, and À111 AE 9 mA cm À2 at +0.43 V RHE , respectively (Fig. S7b †) . This photocurrent density achieved is a vast improvement on many comparable values in the literature (À10 mA cm À2 at À0.25 V AgCl under simulated sunlight at 1 sun) 32 and close to the highest previously achieved photocurrent with simulated sunlight for pure LFO lms (À160 mA cm À2 at 0.26 V RHE ). 36 This increase in the activity can be attributed to the improved coverage and quality of the lm, allowing for better light exposure and greater extent of the LFO particles in contact with the electrolyte and the FTO surface, thus improving charge transfer. This enhanced photocurrent was accompanied by an increase in stability, with just 9% reduction in the photocurrent aer a 15 min stabilization period during 1 h of chopped simulated sunlight at +0.43 V RHE (Fig. 3c ). There is potential for increase in the stability to be made as part of future work, for example, with the incorporation of protection layers. A high onset potential of +1.4 V RHE for cathodic photocurrent can be noted for all these LFO lms (Fig. S8 †) , much higher than the +0.5 V RHE typically obtained for Cu 2 O photocathodes. 10 This indicates that the LFO lms offer advantageous photovoltage over other typically studied photocathodes and suitable conduction band edge position for PEC water or oxygen reduction (the conduction band minimum has been previously estimated to be À0.5 V RHE ). 33 IPCE measurements were also carried out, which display efficiencies of up to 6% for LFO-C and 12% for LFO-D at +0.61 V RHE (Fig. 3d) , thus highlighting the increase in efficiency of the LFO sample prepared with a polymer template. The integrated photocurrent density from these IPCE spectra using the solar spectrum (AM1.5G) 53 was calculated to be À108 mA cm À2 for LFO-C and À168 mA cm À2 for LFO-D, which are slightly higher than the measured photocurrents of À71 mA cm À2 and À137 mA cm À2 for LFO-C and LFO-D at +0.61 V RHE , respectively, in Fig. 3a . Inaccuracies can arise due to differences between the solar spectrum used for the IPCE integration and the simulated sunlight obtained with a Xe lamp source and lter. 54 It should also be noted that for LFO lms, there is a photocurrent loss mechanism in the form of hole transfer to the electrolyte, where water oxidation can occur, resulting in major carrier losses and low efficiency. 31 However, recent efforts have been made to reduce this effect for LFO lms by incorporating a thin TiO 2 hole blocking layer. 38 PEC measurements of all the LFO samples exhibit a large dark current at potentials below +0.4 V RHE . This can be attributed to oxygen reduction on the areas of exposed FTO 48 and on LFO. 33 To demonstrate this, LSV was performed from +1 to À0.2 V RHE with chopped simulated sunlight for LFO-D with 0.1 M Na 2 SO 4 at pH 12. The electrolyte was then purged with N 2 for 4 h to minimize the presence of oxygen during measurement. A reduction in both the dark current and the sharp cathodic spikes were observed in this N 2 purged system, along with a reduction in the photocurrent by 63%, thus conrming the effect of oxygen present (Fig. S9 †) . This demonstrates that oxygen acts as a sacricial electron acceptor, thus resulting in an enhanced photocurrent. 33, 55 Such oxygen reduction activity has potential applications in fuel-free PEC cells that complete water oxidation and oxygen reduction to generate electricity. 56 Electrochemically active surface area (ECSA) measurements were also carried out for LFO-B, LFO-C, and LFO-D to determine whether changes in the surface area occurred between the lms. This was calculated by capacitive currents employing cyclic voltammetry at different scan rates ( Fig. S10 †) . The gradient from current (at +0.88 V RHE ) vs. scan rate plots is directly proportional to the ECSA (Fig. 3e ). Analyzing Fig. 3e , the ECSA values obtained for LFO-B, -C, and -D were 0.003, 0.161, and 0.066 mF, respectively. Dividing these values by the actual weight of LFO on the photoelectrodes exposed to electrolyte, the specic ECSA found was 20, 153, and 440 mF g À1 for LFO-B, LFO-C, and LFO-D, respectively. The highest specic ECSA of LFO-D agrees with the polymer templating approach that leaves a very porous structure in the nal LFO material upon its sacricial use, as observed by FE-SEM in Fig. 2f .
To further understand the increased photocurrent and efficiencies seen on polymer templating, EIS measurements were carried out at +0.61 V RHE for the lms LFO-B, LFO-C, and LFO-D in the dark, from which the RC time constant can be calculated using the resistance at high frequency and the capacitance at low frequency (Fig. 4a) . RC values were determined to be 0.0021, 0.0178, and 0.00177 s for LFO-B, LFO-C, and LFO-D, respectively. This was then used to calculate the RC limited transients using eqn (1) (Experimental section), which can then be compared with the experimental transients to determine rise time. Slower rise times elude to an increased density of trap states, which slow down carrier collection and increase the probability of recombination. 49 It was found that LFO-B has the slowest calculated rise time of 0.68 s compared with LFO-C and LFO-D with rise times of 0.35 and 0.13, respectively ( Fig. 4b-d ). LFO-C and LFO-D have faster rise times, suggesting faster charge extraction, thus resulting in higher photocurrents. This is in good agreement with IPCE measurements, showing that LFO-D has higher conversion efficiencies due to the better charge mobility.
These EIS measurements were also used to create Mott-Schottky plots to be able to determine at band potential (V  ) and carrier density (N D ) of these LFO lms (Fig. S11a †) . It was found that the V  for LFO-B, -C, and -D were +1.40, +1.55, and +1.36 V RHE , respectively, measured at 10 Hz. Together with the determined band gap of 2.4-2.9 eV, this shows that the LFO band alignments are suitable for water reduction and hence, it conrms the ability of these LFO lms to generate hydrogen from water. Additionally, the carrier (hole) density was determined to be in the range of 10 16 to 10 17 cm À3 for LFO-B, -C, and -D. However, caution is needed when determining effective carrier density due to the large and uncertain permittivity of ferrites, and difficulties associated with porous electrodes. 57 Actually, it was found that there was a strong frequency dependence for these LFO lms in terms of V  and capacitance, thus displaying its deviation from an ideal capacitor ( Fig. S11a  and b †) . Hence, equivalent circuits were not tted.
Finally, these polymer-templated lms (LFO-D) were tested for their ability to produce hydrogen from solar PEC water reduction. This was conducted using a single gas-tight cell with a Pt counter electrode and an Ag/AgCl reference electrode. The cell was rst purged with N 2 to ensure that pre-reaction oxygen from air was not in the cell. The working LFO electrode was subjected to constant illumination under simulated sunlight (1 sun) for 6 h with an applied potential of +0.43 V RHE , in which there is minimal dark current. During this time, a build-up of H 2 was achieved within the headspace of the cell. The current was continuously collected and the light was chopped at intervals to conrm the practically null dark current ( Fig. S12 †) . The gases within the headspace were analyzed using gas chromatography at 2, 4, and 6 h. Although pre-reaction oxygen from air was purged, oxygen evolved in the Pt counter electrode during the reaction also accumulated in the cell and its reduction could compete with proton reduction to H 2 . The amount of H 2 measured was found to be $0, 0.08, and 0.09 mmol for 2, 4, and 6 h, respectively (0.05 mmol cm À2 h À1 measured over 6 h). A higher hydrogen evolution will require improved selectivity for hydrogen evolution reaction (HER), compared with oxygen reduction reaction (ORR), which could be attempted by adding HER co-catalysts and/or using an optimized H-shape PEC cell with separate oxygen evolution.
Conclusions
LaFeO 3 photocathodes were prepared through a variety of fabrication methods on FTO-ABS glass and were tested for their photocatalytic activity in a photoelectrochemical cell. LaFeO 3 was rst synthesized through a sol-gel method and thin lms were prepared through a doctor blading method for an optimal amount of two layers. This gave low activity (À3 AE 1 mA cm À2 at 0 V RHE ) due to poor quality of the resulting lms having large particles of reduced surface area and coverage. Ball milling and exfoliation of the powders, followed by spray pyrolysis were found to decrease the particle size, and improve the coverage and uniformity of the lms, and with this, an increased photocurrent density of À37 AE 5 mA cm À2 at +0.43 V RHE for an optimal amount of two layers was observed. A further increase to À112 AE 10 mA cm À2 at +0.43 V RHE was demonstrated by directly depositing nitrates of LaFeO 3 metals through spray pyrolysis, followed by calcination for an optimal amount of two layers. This allowed for better contact between the particles and the conductive substrate with minor improvements in lm coverage. Ultimately, it was found that the most dramatic increase in the photoelectrochemical activity can be achieved by spin coating of metal oxide precursors combined with a nonionic surfactant Triton X-100 template. This allows for high quality lms with improved coverage, light exposure, and increased contact between the active LaFeO 3 particles and the FTO for an optimal amount of three layers. Additionally, electrochemical impedance spectroscopic measurements showed that these templated lms displayed faster rates of charge extraction. A photocurrent density of À161 AE 6 mA cm À2 at +0.43 V RHE was achieved for these templated LaFeO 3 lms in O 2 containing electrolyte and an onset potential of +1.4 V RHE for this cathodic photocurrent. Photoinduced water reduction to H 2 was conrmed, as well as oxygen reduction. This work demonstrates the importance of surface structure and morphology of thin lm LaFeO 3 electrodes, and their potential in photoelectrochemical applications such as water reduction. Future work will be directed to the addition of co-catalysts, metal dopants, and passivation layers so as to further enhance the activity of LaFeO 3 for photoelectrochemical applications.
